Biological systems are resistant to perturbations caused by the environment and by the intrinsic noise of the system. Robustness to mutations is a particular aspect of robustness in which the phenotype is resistant to genotypic variation. Mutational robustness has been linked to the ability of the system to generate heritable genetic variation (a property known as evolvability). It is known that greater robustness leads to increased evolvability. Therefore, mechanisms that increase mutational robustness fuel evolvability. Two such mechanisms, molecular chaperones and gene duplication, have been credited with enormous importance in generating functional diversity through the increase of system's robustness to mutational insults. However, the way in which such mechanisms regulate robustness remains largely uncharacterized. In this review, I provide evidence in support of the role of molecular chaperones and gene duplication in innovation. Specifically, I present evidence that these mechanisms regulate robustness allowing unstable systems to survive long periods of time, and thus they provide opportunity for other mutations to compensate the destabilizing effects of functionally innovative mutations. The findings reported in this study set new questions with regards to the synergy between robustness mechanisms and how this synergy can alter the adaptive landscape of proteins. The ideas proposed in this article set the ground for future research in the understanding of the role of robustness in evolution.
Introduction
Biological systems are inherently robust (resistant) to perturbations, maintaining the same phenotype in the face of external challenges and noise internal to the system [1, 2] . Therefore, phenotypes are said to be robust if they resist perturbations. Robustness was first suggested by Waddington who observed that developmental programs are generally robust to minor perturbations, a property he called canalization [3, 4] . Robustness applies to many different levels of biological organization and its effects are visible in the expression patterns of genes, resistance of protein structures to mutations and proteins functional promiscuity. The form of robustness most easily measured is the one resulting from the resistance of phenotypes to environmental challenges, such as variable temperatures, limited nutrients and various kinds of environmental stresses. Perturbations also occur within organisms or cells, however less obvious, in the form of variation in expression levels and mal-adaptive mutations (e.g., changes in the genetic composition of an individual-also known as genotypic variation). What underlying molecular mechanisms and population genetic parameters provide and regulate the resistance of systems to perturbing mutations remains largely unknown.
The recent meeting in "Protein structure, Protein Evolution" organized by the Royal Swedish Academy of Sciences in June 2014 in Stockholm has provided the ideal scientific environment to link the knowledge generated by structural (phenotype) and evolutionary (genotype) biologists to understand many questions directly or indirectly linked to robustness. The link between the main changes at the structural and sequence levels and the emergence of novel functions has also been discussed and, to a lesser extent, so has the de novo emergence of protein functions. In particular, it has been of great interest the fact that most talks led to distinguishing between the plasticity of protein structures, their tolerance to destabilizing mutations, and the dynamics of the mechanisms of mutational buffering. In this review, I will discuss on the mechanisms of mutational buffering, including gene or genome duplication and heat-shock proteins, as these mechanisms have enthralled researchers for many decades but remain uncharacterized.
As said before, robustness against environmental and genetic perturbations is a property inherent to all living systems and is ubiquitous to all biological organization levels [5, 6] . This tolerance to perturbations, however uncharacterized, have been observed in the form of phenotypic resistance to hundreds of mutations in proteins [7] , the resilience of biological networks to single deletions [8] , and the resistance of the cell to changes in the expression levels of genes [9] . Moreover, it has been shown that cells are tremendously tolerant to single gene deletions. For example, 80% of the genes in Saccharomyces cerevisiae growing in lenient laboratory conditions have little to no effect on the fitness of this yeast [10] . Likewise, only 42% of all the induced gene deletions are essential for mouse viability [11] .
The origin and consequences of robustness remain to be uncovered, although a number of observations link robustness to certain biological traits or to the complexity underlying such traits. For example, complex traits seem to be more robust than simple ones to gene perturbations, likely owing to the lower impact of deleterious mutations on the greater set of genes that encode complex traits [12] . The correlation between the complexity of biological traits and the robustness of their encoding genes to mutations suggests a link between robustness and the ability of systems to generate heritable genetic variation (a property known as evolvability). A number of studies have explored the main consequences of increasing robustness and found that there is a complex but significant relationship between robustness and evolvability. Indeed, in a genotypic network, in which the transition between genotypes is phenotypically silent (also known as neutral genotypic network), increasing robustness makes the system more phenotypically evolvable if each of the genotypes can only access a subset of all possible phenotypes [13] . Under this condition, the wider the network the larger is the set of accessible phenotypes, and thus the greater is the system's evolvability (Fig. 1a) . Conversely, when each genotype can access all possible phenotypes of the phenotypic space, then higher robustness decreases evolvability (Fig. 1b) . Examples on the relationship between robustness and evolvability using entire organisms or populations are lacking in the literature owing to the complexity that experiments devoted to disentangling robustness from other population genetic or environmental factors involves. Advances in the understanding of the role of robustness in evolvability have nevertheless been conducted using simple molecules, in which evolvability can be linked to the distribution of mutations effects on fitness. As a case in point, Hayden and colleagues addressed the role of robustness in Fig. 1 . Increasing robustness leads to larger evolvability and phenotypic plasticity. (a) In this figure I represent two genotypic networks a narrow network and a wide networkda genotypic network is defined as the number of genotypes (black circles) interlinked by a single mutation that are neutral with regards to the phenotype, so that the transition from one genotype to another is phenotypically silent. Increasing the robustness of a biological system increases the genotypic network and the possibility of accessing a larger set of phenotypes (colored circles) through subsequent single mutations. Increasing robustness increases then the evolvability of a system if the set of phenotypes accessible through each genotype by a single mutation is smaller than the entire phenotypic space. In this particular case, the narrow genotypic network in the left of the figure leads to potentially six different accessible phenotypes. Increasing the robustness of the network by two additional genotypes (network in the right of the figure) increases the accessible phenotypic space (evolvability) in four additional phenotypes. (b) This figure represents a case in which each of the genotypes of the same genotypic network can access all of the phenotypes in the phenotypic space. In such a scenario, increasing robustness, that is the number of genotypes in the network, leads to lower evolvability as the number of phenotypes accessible by a single mutation remains constant. innovation by evolving a population of RNA enzymes under conditions of neutrality and determining whether such neutral variation can pre-adapt the molecule to other substrates [14] . They showed that, when combined in a single RNA molecule, some genetic variation that was cryptic in the population of RNA enzymes can lead to novel enzymatic capacities when changing environmental conditionsdimpairment of robustness and the action of natural selection over these previously cryptic variants is known as decanalization [14] .
A fundamental condition linking robustness to evolvability is the concept of environmental impairment: robustness leads to the emergence of novel phenotypes if this is impaired by environmental changes. Indeed, copious examples in the literature show that the effect of mutations on fitness is conditional to the genotype-byenvironment interaction, which re-shapes the fitness landscape of a population [15e18]. Fluctuating conditions, including changes in population sizes or in the source of carbon, could change the interaction between mutations (e.g., sign epistasis) and the distribution of mutations fitness effects, allowing population take previously prohibited evolutionary paths [19, 20] , or precluding them from adopting previously adaptive solutions [21, 22] . For example, Flynn and colleagues showed that the positive adaptive interaction of five mutations that were beneficial in Escherichia coli in a specific environment changed to being deleterious when tested in a subset of 1920 environments other than the original one [21] .
The relationship between robustnessdthat is, how wide neutral genotypic networks are in a populationdand fitness landscape geometry remains uncharacterized. One could speculate that in a complex fitness landscape containing highly robust populations, the density of genotypes at the adaptive picks should be high, leading to flat adaptive picks, with each of the picks being separated by valleys with sparse genotype distributions (Fig. 2a) . Population with low mutational robustness will produce landscapes in which valleys will be more populated with genotypes and less so will be the adaptive picks, leading to pronounced picks (Fig. 2b) . Therefore, the robustness of the population would greatly influence the shape of the picks and genotypic density of the landscape.
While robustness is a well-accepted property, the origins and regulators of mutational robustness remain debated. For example, it is not known whether robustness is an emergent property in every biological system or if it is the result of other selective forces, including those forces imposed by changing environments. Also, it remains unclear how is robustness selected for, what conditions favor it, and what mechanisms regulate it. These points perform the focus of this review, with special emphasis on the role of heatshock proteins (also known as molecular chaperones) and gene or genome duplication in regulating robustness to mutations.
Navigating fitness landscapes silently
The term of Fitness landscapes was first introduced by Sewall Wright and is routinely used in evolutionary biology to graphically represent the relationship between genotypes and reproductive success (also known as biological fitness) [23] . In these fitness landscapes ( Fig. 3a) , hills represent regions of optimum fitness while valleys are associated with low fitness. A population of individuals will occupy a particular point of the landscape according to its genotypic composition. If the population occupies a valley, selection will favor genotypes that will bring the population close to nearby adaptive hill, and thus population will always tend to climb adaptive hills dragged by favorable genotypes. The height of the hill is proportional to fitness with higher hills representing larger global fitness. Once a genotype has occupied an adaptive hill (e.g., the population has found a superior phenotype that has become fixed), the population becomes entrenched in what I call adaptive traps ( Fig. 3b) : At the tip of the hill, the population is genotypically homogeneous and its transition to another adaptive hill is largely halted by its low genetic reservoir and the height of the hilldwith compensatory mutations being rare in the population and innovation becoming largely constrained by selection. Populations remain trapped in these adaptive wells unless novel mutations or environmental factors change the surface of the landscape. Increasing population's robustness to mutations, either by reaching highly robust phenotypes or by enhancing mechanisms of robustness or both these possibilities, will smooth the abruptness of the fitness landscape enabling the neutral transition of populations to other adaptive hills. In the limit, intermediate levels of robustness would bridge different adaptive hills thereby enabling large evolutionary leaps. In the remainder of this review I will focus on two main mechanisms of mutational robustness, heat-shock proteins and gene duplication, which have been credited with an important role in biological innovation but their regulatory mechanism of robustness to either environmental or genetic perturbations is yet to be characterized.
Molecular chaperones capacitate novel adaptations
The Heat shock proteins (also known as molecular chaperones) are essential to the cell in normal physiological conditions [24e27] but more so under stress, allowing cells and organisms survive otherwise lethal conditions [25, 28, 29] . Molecular chaperones perform a bewildering set of essential functions in the cell, including folding, trafficking, and degradation of other proteins [30] . Chief among all the functions performed by chaperones is protein folding, an essential step in the performance of proteins functions. Protein folding is particularly relevant for slow-folding proteins, generally also those that are big proteins, which are prone to form non-specific aggregates when misfolded [31] . Chaperones therefore supervise the proper function of proteins by folding de novo or re-folding proteins after stress, preventing the promiscuous associations between non-native polypeptides [32] .
As much as temperature is a force in leading to misaggregated proteins, mutations also destabilize proteins if unsupervised owing to their stochastic origin. Chaperones have been reported as buffering machines of the destabilizing effects of mutations as they fold mutated versions of proteins into their productive conformation, maintaining mutations cryptic in the population for long periods of time [33e36] . When the buffering mechanism of chaperones is impaired, mutations can reach such levels in the populations that, when combined in a single genome, they could lead to adaptations to previously unexplored environments. Therefore, chaperones have been considered as capacitors of evolution. Two main chaperones have been extensively explored for their ability to buffer the effects of mutations, Hsp90 and GroEL. In the following sections I provide evidence that such chaperones are enhancers of the mutational robustness of biological systems and capacitors of evolution.
Hsp90 canalizes and capacitates morphological variation in eukaryotes
Hsp90 is an essential molecular chaperone that assists in the folding of proteins whose structure stability is key to their functions, including steroid hormone receptors, kinases, transcription factors, and ubiquitin ligases. Hsp90 is generally synthesized at levels that are higher than needed for the folding activity, thereby maintaining these proteins stable and avoiding the otherwise deleterious phenotypic variants. It was therefore suspected that environmental perturbations that compromise the folding assistance provided by Hsp90 would unfold a cascade of phenotypic changes, many of which, however non-adaptive under normal physiological conditions, may combine in the genome in such a way that would become adaptive under other conditions, even after restoring the levels of Hsp90. In agreement with this prediction, Lindquist and colleagues have demonstrated in a number of recent studies that Hsp90 can mask the phenotypic effects of mutations, maintaining genetic variation cryptic in the population [36e42], a phenomenon supporting the concept of "canalization" that was proposed by Conrad Waddington [3] . When the buffering mechanism of Hsp90 is impaired, either through high temperatures or pharmacologically through Hsp90-specific inhibitors such as Geldanamycin or Radicicol, the previously cryptic genetic variation is expressed and selection can then act upon it, a phenomenon known as "decanalization" [36, 39] .
While a number of laboratory experiments in model organisms have demonstrated the buffering capacity of Hsp90, the link between this buffering and the emergence of adaptive traits has remained controversial. In a very recent experiment, however, Rohner and colleagues have shown that the buffering of genetic variation by Hsp90 is the basis for the adaptation of surface populations of the cavefish Astyanax mexicanus to cave environments [40] . Indeed, they showed that cave environments can compromise Hsp90 capacity releasing eye morphological variation to the same extent as geldanamycin does with surface river populations of this fish. Therefore, their study demonstrated in a very elegant and direct way that Hsp90 has contributed to reducing eye size in cave conditions, where the development of normal eye size may tax other most needed sensory mechanisms, and thus Hsp90 acted as a capacitor of adaptive morphological variation in a natural setting.
An expected outcome of the Hsp90 buffering capacity is that proteins requiring Hsp90 for folding, such as kinases, transcription factors and signal transducing molecules should tolerate more mutations and evolve faster than those proteins not requiring Hsp90 for folding under the same selective pressures. Accordingly, duplicated genes in yeast in which one of the gene copies, but not its paralog, is a client of Hsp90 shows faster evolution at the Hsp90 client copy than its non-client paralog [43] . Moreover, one of the two paralogs of a transcription factor in the brassinosteroid pathway in the plant Arabidopsis thaliana that requires Hsp90 for folding shows more relaxed constraints than its non-client paralog [43] . Since duplicates are considered identical or nearly so at their birth, such results are not artifacts caused by the differential protein stabilities. The finding in another recent study that strong and weak substrate of Hsp90 do not evolve faster than non-clients but they do show larger fraction of non-conservative, radical, amino acid substitutions, sparks the idea that a complex relationship exists between the buffering ability of chaperones and the structural features of protein clients [44] . This relationship and the factors governing it require further investigation, which is currently being conducted by a number of leading laboratories.
GroEL provides robustness to mutations and facilitates the emergence of alternative promiscuous enzymatic functions
GroEL, and its cohcaperonin GroES, belong to an evolutionarily conserved family of heat-shock proteins that perform essential functions in the cell. Chief among these functions is their noncovalent interaction with partially folded proteins (also known as client proteins) to prevent their non-specific aggregation and help in their proper folding [45e47]. GroEL has been found to be essential for E. coli at a broad range of temperatures and not only under heat stress [48] . The genes encoding GroEL and GroES are part of the same operon (groE) which is ubiquitous in all prokaryotes and eukaryotic organelles, although they have also been found in archaea [49] .
GroEL has been found to facilitate the folding of proteins, and their mutated versions, into their final productive conformation. Their modulation of the relationship between sequence and structuredthat is between genotype and phenotypedhas suggested their role as phenotypic capacitors. Indeed, Nancy Moran suggested that GroEL might buffer the destabilizing effects of mutations in the proteins of endosymbiotic bacteria of insects, known for their drifting evolutionary dynamics [35] . Endosymbiotic bacteria of insects, as many pathogenic bacteria, are maternally inherited and transmitted to the next generations in small numbers (e.g., the populations are subjected to large bottlenecks between generations) [50] , and thus genetic drift plays a more important role than selection in their evolutionary dynamics [35] . This stronger genetic drift in endosymbiotic bacteria leads to the fixation of deleterious or slightly deleterious mutations. Moran proposed that GroEL might buffer the deleterious effects of mutations by properly folding mutated protein versions. This hypothesis is supported by the overproduction of GroEL in all known endosymbiotic mutualistic bacteria of insects but not in free-living bacteria [51e53]. Despite the evolutionary conservation of GroEL sequence in endosymbiotic bacteria, fixation of adaptive mutations in GroEL regions important for binding and folding protein clients supports the role of positive selection in increasing the folding ability of endosymbiotic GroEL compared to its free-living homolog [54] .
Fares and colleagues provided the first evidence in support of the GroEL buffering capacity, by showing that over-expression of groE in E. coli strains that evolved under strong genetic drift for thousands of E. coli generations could rescue cells with declined fitness [34] . The main hypothesis derived from this study was that GroEL was directly able to buffer the effects of deleterious destabilizing mutations. This evidence was supported by a later study in which authors showed that mutated versions of the operon groE with increased expression were recurrently emerging in drifting evolutionary lineages of Salmonella typhimurium and that this over-expression mitigates the deleterious effects of random mutations through antagonistic epistasis [55] . The relationship between GroEL over-production and the fixation of deleterious mutations, however unknown, has been shown to be complex. Some evidence pinpoints the function of GroEL in concert with other protein quality control mechanisms, such as the protease Lon, in the folding of proteins at intermediate states of folding, thereby maintaining an equilibrium of folded and active proteins in the cell [56] . Overexpression of groE has been also shown to rescue the fitness of cells bearing a variety of slow-growing, or even deleterious, DHFR mutants and restore their growth to wild type levels [56] . A prediction derived from these studies is that protein clients requiring GroEL for folding should be candidates for accelerated evolution more readily so than proteins those do not require GroEL. Indeed, GroEL clients have been shown to evolve at a faster rate than nonclient proteins (e.g., they fix more amino acid replacing mutations), once gene essentiality, proteineprotein interaction degree and expression levelsdknown factors to influence the rates of evolution [57] dhave been controlled for [58, 59] .
Despite evidence supporting the role of GroEL in mitigating the deleterious effects of destabilizing mutations, the link between this buffering ability and the emergence of evolutionary novelties through mutational robustness remains missing. Recent experiments have shed some light on the direct role of GroEL in evolutionary innovation. In their study, Tokuriki and Tawfik demonstrated that over-expression of groE doubles the number of mutations tolerated by an enzyme owing to the GroEL increased folding capacity of enzymes carrying highly destabilizing mutations [60] . This increased stability of mutated enzyme versions allows alternative promiscuous functions overcome their stability trade-offs and substantially increase their activity and specificity for substrates other then their preferred one [60, 61] . Whether GroEL stabilizes structurally compromised protein versions for long enough to provide an opportunity for subsequent mutations to compensate such destabilizing effects is not known. However, these mechanisms may be crucial in relieving GroEL from its compensatory role in genomes highly loaded with deleterious mutations, such as those belonging to ancient endosymbiotic bacteria of insects. The synergy between GroEL and other compensatory mechanisms in ameliorating the effects of mutations remains obscure and will be an arena for future research.
Evolution by gene duplication: robustness to mutational insults
Because of its ability to generate novel genes and functions, gene duplication has been credited with enormous evolutionary importance [62] . The contribution of gene duplication to the emergence of novel functions is understood in the context of generating novel genetic material. After the duplication of a gene, the two virtually identical copies of the ancestral gene share identical set of functions (although see Ref. [63] ). The naïve classic view is that after duplication, while one of the copies performs the ancestral functions, the other, freed from selective constraints, explores a wide range of alternative phenotypes. Inherent to this theory is the assumption that such alternative phenotypes are often in the vicinity of the genotypic networks of duplicated genes, such that a single amino acid change in the protein encoded by one of the gene copies should provide access to these phenotypic neighborhood. More realistic and complex evolutionary models have been devised (see for review [64] ). The link between gene duplication, and more specifically genome duplication, and biological innovation has been established in a number of studies based on evidence from comparative genomics and fossil record. Accordingly, the concomitant emergence of protein families through genome duplication and Angiosperms morphological and physiological explosive diversification during the cretaceous era [65e74] and, although less frequent, with the morphological diversification of vertebrates [75, 76] led researchers to causally link duplication with innovation. The mechanism of duplication, that is whole-genome vs small-scale duplications, has been also shown to differentially contribute to the emergence of innovations [77] , with the former contributing more to subfunctionalization (e.g., the partition of ancestral functions between the two daughter gene copies) and the latter to the emergence of independent functions [78] .
Models concerned with the evolution of duplicated genes differ in their philosophical assumptions with regards to the role of natural selection in facilitating the emergence of novel functions through genetic redundancy. In particular, whether mutational robustness caused by genetic redundancy in duplicated genes is selected upon remains the subject of intense debate. While gene duplicates have been considered to have a major role in mutational robustness through genetic redundancy [79] , the persistence of genes in duplicate clashes with the evolutionary instability of genetic redundancy. Nonetheless, evidence support a role of duplicated genes in mutational robustness: a) The deletion of singletons in yeast have larger fitness effects than the deletion of duplicates [80] ; b) Deletion of gene copies in yeast are often functionally compensated by the other gene copy, thereby having lower effects on genetic interactions for duplicates than singletons [81] ; c) Duplicates present higher robustness than singletons to transient gene knock-downs in Caenorhabditis elegans [82] , and d) Duplicates contribute to back-up against deleterious mutations in humans [83] . Against this evidence, using synthetic lethality genetic maps it has been shown that duplicates only account for 25% of the genetic robustness of yeast [84] . Moreover, in natural populations close duplicates are unlikely to provide mutational robustness [85] . Therefore, whether or not gene duplication provides robustness to mutations remains under question.
A gene duplication can facilitate innovation of biological functions through two main steps: a) increasing the resilience of phenotypes encoded by duplicates to mutational changes (e.g., genotypic diversity does not cause visible phenotypic diversity in robust systems), and thus generating genotypic diversity that remains silent in the population and b) by canalizing genotypic diversity such that it facilitates the emergence of novel phenotypes once robustness is impaired. Support to the generation of neutral genotypic diversity after gene duplication comes from the classic belief that after duplication gene copies suffer relaxed selective constraints that allow one or both copies tolerating many-fold more mutations than otherwise, a fact with extensive experimental and theoretical support [2, 86, 87] . This phenomenon is more obvious when analyzing genomes populated with duplicates originated by whole-genome duplication, in which younger duplicates still preserve signatures of their larger tolerance to mutations than older duplicates [79, 84, 88, 89] . The fact that expansion of certain protein families is concomitant with the emergence of morphological diversity sparks the possibility that gene duplication is linked to robustness and evolvability. A remarkable example of this link is the expansion of the MADS box proteins in plants and the diversity in plants flowering. This protein family, although ubiquitous in extant eukaryotes, it has undergone a wave of duplication events in the ancestor of flowering plants [90e93] . The almost total functional overlap in the proteins functions between MADS box duplicates, such as the 4 copies of SEPALLATA genes responsible of the formation of reproductive organs in flowering plants [94e96] attests to the important role that such duplicates played in robustness to mutations. These duplicates have, however, diversified in other species probably resulting from impairment of robustness by environmental challenges [97] .
Another question that rises is how does the cell cope with the increase gene dosage resulting from gene duplication, particularly when such duplication affects only a fraction of the genes [98e100]. Evidence suggests that such genes diverge in expression so that they perform similar functions under different stress conditions and that the expression of genes in aneuploidy are more robust to changes than those in single copies [101] .
A key point in the understanding of the link between gene duplication and mutational robustness is the mechanism by which mutational robustness is favored by natural selection. Certainly robustness to mutations cannot be a trait selected favorably because it provides genetic variation and potential for evolvability, as a central tenet of Darwinian evolution is that evolution is not a forward-looking process. Notwithstanding the fact that understanding the link between robustness and selection requires complex mathematical modeling, one can imagine that a population that acquires evolvability as a trait has higher probability of acquiring beneficial mutations and producing offspring with increased fitness. In a scenario in which evolvability, produced by higher robustness, persists long enough in the population as to increase the frequency of individuals with such trait, this trait would be selected favorably because it increases the chances for beneficial mutations to appear in the population [102] , a process known as genetic hitchhiking [103] . In the case of duplicated genes, these are likely to return to single gene copies right after duplication, unless they remain in the genome because they increase the mutational robustness of the gene and the evolvability of populations in terms of the emergence of new functions and regulations [104] . Such robustness is likely to be selected positively if the environment is rapidly changing so that robustness facilitate the persistence of two gene copies and increase the possibility for the divergence between the sister gene copies at the regulatory as well as the functional levels, finally resulting in the emergence of adaptations to the new environments [78, 104] .
Concluding remarks
Mutational robustness is a property inherent to all known biological systems and has been widely regarded as key to evolvability. Mechanisms regulating robustness are crucial to canalize genetic variation and facilitate the emergence of biological innovations, enabling major evolutionary leaps. Molecular chaperones and Gene duplication have enthralled researchers for decades because of their main role in impinging robustness to genes and fueling innovation. A broad range of studies and observations support that both these two mechanisms have been paramount to regulate the emergence of major innovations, driving the main events of biological diversification and the origin of complexity on earth.
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